Abstract The distribution patterns of macrobenthic invertebrate assemblages at different spatial scales and in relation to natural and anthropogenic disturbance gradients were investigated in the Pialassa Baiona, a eutrophic and polluted brackish coastal lagoon located along the Italian coast of the northern Adriatic Sea. This coastal lagoon shows a complex physiography with several shallow water ponds and channels separated by discontinuous artificial embankments. Environmental variables and macrobenthic invertebrate assemblages showed higher heterogeneity at small spatial scale (i.e. within channels and ponds). Distinction between channels and ponds is only weakly supported by the distribution patterns of macrobenthic assemblages. Depth was the major factor in structuring benthic communities within ponds, while species distributions along the channels were strongly correlated with the anthropogenic disturbance gradient. Anthropogenic disturbance mainly affected species richness, which was inversely correlated with the organic carbon contents in the sediments and the water surface temperature, which is affected by the input of cooling water from two thermal power plants. Some opportunistic species, like the polychaetes Streblospio shrubsolii and Capitella capitata, were more abundant in the southern polluted areas. In particular, the abundance of S. shrubsolii significantly increased with organic carbon contents in the sediments and water surface temperature, while C. capitata was more abundant in the warmed sites and close to sewages. Conversely, the abundance of the amphipod Corophium insidiosum was inversely related to organic carbon contents.
Introduction
Temperate coastal lagoons are dynamic and unpredictable transitional water systems characterised by sharp daily and seasonal variations of the chemico-physical variables (Fiala 1972; Barnes 1991; Pérez-Ruzafa et al. 2005; Specchiulli et al. 2008) . These habitats are very heterogeneous in physiography and hydrology (e.g. in extension, water depth, water exchange with the sea, salinity range), which are usually considered key features explaining a relevant proportion of their environmental variability (Basset et al. 2006) . These habitats are selective towards tolerant species, and patterns of species distribution are related to the synergetic interactions of the abiotic and biotic factors (Lardicci et al. 1997; Arvanitidis et al. 1999) . In coastal lagoons, species distribution is affected by heterogeneity of the environmental variable, such as water depth, hydrodynamic conditions, sediment characteristics, as well as by sources of anthropogenic disturbance, which could vary at a range of spatial scales, particularly in habitats with complex physiography due to presence of channels, shallow water ponds and embankments (Lardicci et al. 1997; Arvanitidis et al. 1999) . Furthermore, anthropogenic disturbance could interact with natural heterogeneity affecting patterns of species distribution, species diversity and ecosystem functioning. In quality assessment and in analysing human impacts in transitional waters, variability at small spatial scales and natural vs. anthropogenic disturbance gradient need to be carefully investigated (Cao et al. 1996; Weis et al. 2004; Ponti et al. 2008) .
The Italian northern Adriatic coastal area mainly consists of lagoon-river delta systems, hosting a large number of transitional water bodies. These habitats range for the largest and most studied Lagoon of Venice, to wetlands, estuaries, embayment, ponds, differing in their extension and connection with the sea. The increasing pressures (e.g. eutrophication, chemical and thermal pollution, over-harvesting, dredging and habitat loss) inevitably lead to degradation of these ecosystems (Abbiati et al. 2010) . The aim of present study was to investigate the distribution patterns of macrobenthic assemblages in the Pialassa Baiona, a northern Adriatic brackish lagoon, characterised by a complex network of channels connecting shallow water ponds and by several sources of industrial and urban pollution. The possible effects of natural (e.g. depth, grain size, distance from the sea) and anthropogenic disturbance gradients (e.g. sediment organic content, Hg contamination, water temperatures affected by thermal pollution, distance from sewage inputs) on the distribution patterns of macrobenthic assemblages were investigate using a hierarchical sampling design, which allow to analyse patterns of spatial variability of species assemblages at scales of sites (hundreds of metres apart), areas (separated by discontinuous embankments), and two putative habitats: channel and pond.
Materials and methods

Study area
Pialassa Baiona is a eutrophic micro-tidal lagoon located along the northern Adriatic coast of Italy (Fig. 1) . This area was declared wetland of international importance under the Ramsar Convention in 1981 and is included among the sites of Community interest (pSCIs, ''Habitat'' Directive 92/43/EEC). Nowadays, the lagoon is exploited for recreational fishing, Manila clams (Ruditapes philippinarum) harvesting, regulated hunting, leisure and cultural activities such as canoeing, guided walking tours and bird watching.
The lagoon was originated in the eighteenth century. Nowadays, discontinuous artificial embankments divide the lagoon into several shallow water ponds with an average depth of 1 m. Main ponds are connected each other and to the sea by channels. In channels, the depth ranges from 1 m to 8 m in the landward and seaward sides, respectively. On average, the water covers an area of 10 km 2 , tidal range can exceptionally exceed 1 m, and usually vast shallow areas emerge during low tides. The lagoon receives water inputs from five main channels that drain a watershed of 264 km 2 , including urban (9%) and agricultural (87%) areas. The southern channel collects also the wastewater coming from urban and industrial sewage treatment plants and from two thermal power plants. Nutrient inputs are mainly located in the southern area (Ponti et al. 2005) . Overall water turnover in the lagoon has been estimated in 3 days. Phytoplankton blooms and intense growth of seaweeds (Ulva sp., Enteromorpha sp., Gracilaria sp.) were frequently observed during the summer, especially in the southern part. Dystrophic crises were often recorded in the summer (Ponti and Abbiati 2004) . From 1958 to 1976, Pialassa Baiona was heavily impacted by industrial pollution. Mercury, polycyclic aromatic hydrocarbons (PAHs), and synthetic polymers were among the most important pollutants which nowadays contaminate the sedimentary compartment (Fabbri et al. 1998 McRae et al. 2000; Abbondanzi et al. 2005) . Although the release of mercury ceased in the middle 1970s, superficial sediment are still contaminated, with a total mercury load ranging from 0.13 to 250 lg g -1 dry weight (Trombini et al. 2003) . The pollution gradient decreases from south to north, in relation to the distance from the southern industrial area (Trombini et al. 2003) . Previous studies on the Pialassa Baiona showed a correlation between total mercury concentrations in sediments and the overall level of contamination due to other pollutants, such as PAHs and synthetic polymers (Fabbri et al. , 2001b . These results were ascribed both to the common history of the inputs of contaminants and to the transport processes of pollutants across the Pialassa Baiona lagoon.
Pialassa Baiona, as well as most temperate coastal lagoons, is a heterogeneous environment, where physical and biological variables change at different spatial and temporal scale. Thanks to the relatively small size and to the complex patterns of natural and anthropogenic stressors, it provides a natural mesocosm to test theories on models of species distribution in TW habitats.
Sampling and laboratory analyses
In the Pialassa Baiona lagoon, ponds and channels represent different putative habitats. The channels represent about 23% of the total water surface and contain almost half of the total water volume of the lagoon (Ponti et al. 2005) . Within each habitat, macrobenthic assemblages were investigated at two spatial scales: areas, separated by discontinuous embankments, and sites, within each area, hundreds of meter apart. Four channel areas (BAC: 'Baccarini'; TBF: 'Taglio della Baiona-Fossatone'; BAI: 'Baiona'; STA: 'Magni-Staggi') and four pond areas (VEN: 'Vena del Largo'; POL: 'Pola Longa'; RIS: 'Risega'; MAG: 'Magni') were randomly chosen (Fig. 1) . Five sampling sites were haphazardly located in each area (channels and ponds), and two replicate samples were collected at each site by means of a Wildco Ò box corer with a sampling area of 0.0225 m 2 . Samples were collected in June 2002. After a pre-sieving (0.5 mm mesh) in the field, samples were preserved using a buffered solution of 4% formaldehyde. Specimens were identified to the lowest possible taxonomic level, using a binocular microscope, and counted.
Several environmental variables were measured at each site, some of them related to the morphology and sedimentology of the lagoon (e.g. depth, grain size, pore water salinity, water flow speeds, distance from the sea), while the other are linked to anthropogenic disturbance (e.g. sediment organic content, Hg contamination, water temperatures affected by thermal power plants, distance from sewage inputs).
Water depths were measured by a metric tape and then referred to the mean lower low water (MLLW). A sample of superficial sediment (0-5 cm horizon) was collected at each site using a hand corer sampler to analyse sand and silt-clay percentage, organic carbon content, pore water salinity and mercury contamination. The apparent Redox Potential Discontinuity (RPD) was measured as depth of boundary between the light aerobic near-surface sediment and the underlying black hypoxic or anoxic sediment. Even though RPD is a qualitative measure of the redox status of the sediment, which could be little affected by the ''wall effect'' caused by core penetration into the sediment, it can be used as a proxy of the oxic/anoxic status of the sediments (Bona et al. 2000) . Sand and silt-clay sediment content was measured as dry weight percentage after wet sieving (0.063 mm mesh), retaining the fine fraction by filter paper (particle retention 11 lm), and drying at 90°C for 24 h. Sediment organic content was determined as percentage loss of weight on ignition (LOI) at 500°C for 8 h after drying at 90°C for 24 h (King et al. 1998) . Salinity of the pore water (Spw) was measured with a hand refractometer after the water extraction by a syringe and glass microfibre filters (grade GF/F, particle retention 0.7 lm).
Total mercury in the sediment (Hg) was analysed by Cold Vapour Atomic Absorption Spectrometry (CVAAS) after digestion with nitric and sulphuric acid (as in Fabbri et al. 2001a) . Reagent blanks and certified reference materials, PACS-2, was analysed concurrently with sediment samples to validate the method used. Concentrations are expressed on a dry weight basis.
The water temperature changes rapidly during the day in function of solar radiation and tidal flow; therefore, synoptic measures of the surface temperature are needed to provide a reliable spatial pattern. Water surface temperatures (Ts) were measured during a summertime survey, carried out covering most of the lagoon, using a combined temperature and DGPS position recorder, in less then 2 h at the low tide stand. This survey provided a high spatial resolution and reliable measure of the thermal pollution gradient within the lagoon; even though these measures appeared as a snapshot, the results in term of DT were in well accordance with those carried out by six digital thermometers permanently placed around the lagoon (data stored every 30 min for 1 year). Average water flow speeds (Fm), for the sites located in the channels, were obtained simulating a complete lunar tide cycle with a hydrodynamic model (developed by the Hydraulic Laboratory of the University of Bologna, by courtesy of Prof. A Lamberti), based on the Full Equation model (FEQ, Franz and Melching 1997) .
Distances of the sampling sites from the outlet into the sea (Dc) and from the main sewage inputs (Ds), located in the south-western part, were considered as possible explanatory environmental variables related to water renewal and pollution gradient, respectively. These distances were measured along the preferential water paths on the digital cartography according to the hydrodynamic model.
Data analyses
Macrobenthic assemblages were analysed in term of species abundance. Species richness (as number of species, S), species diversity (as Hill's diversity number N1 = Exp H 0 , where H 0 is the Shannon's index based on natural logarithm) and the corresponding evenness component (as N10 = N1/S) were calculated for each replicate sample (Gray 2000) .
Hierarchical analysis of variance (ANOVA) was applied to single species abundance, total abundance (A) and diversity indices (S, N1 and N10) to test for significant differences among Habitats (2 levels, fixed), Areas (4 levels, random, nested in Habitats) and Sites (5 levels, random, nested in Areas). Cochran's C test was used to check the assumption of homogeneity of variances and, when necessary, appropriate transformations were applied. If variances were slightly heterogeneous even after transformations (Cochran's C test P \ 0.05), the analyses were run at a = 0.01 for significance test, while when variances were high heterogeneous (Cochran's C test P \ 0.01) only not significant results were retained (Underwood 1997) . Bonferroni correction for multiple tests was not applied.
Patterns of environmental variables between habitats and areas were analysed by ANOVA. Differences in water flow speeds were analysed only among channels. StudentNewman-Kuels (SNK) post-hoc test was used for multiple comparisons of the means (Underwood 1997) .
Spatial distribution of the assemblages were analysed using principal coordinate analysis (PCO, i.e. metric multidimensional scaling) based on Bray-Curtis dissimilarities of square root-transformed data (Anderson 2003b; Anderson and Willis 2003) . Differences in community structures between habitats in different areas and sites were assessed by permutational non-parametric multivariate analysis of variance (PERMANOVA) following the same experimental design adopted for ANOVA (Anderson 2001 (Anderson , 2005 . When less then 999 unique values in the permutation distribution were available, asymptotical Monte Carlo P-values were used instead of permutational P-values.
Relationships between the similarity distribution patterns of the assemblages and the environmental variables were investigated by a multivariate multiple regression based on the Bray-Curtis dissimilarities of square roottransformed species data, averaged among sites of the same area (McArdle and Anderson 2001) . Multiple regressions were performed using the 'DISTLM forward' procedure (Anderson 2003a ) that give a forward selection of the variable that better explain the observed assemblages patterns, with tests by permutation. Possible correlations between species abundances and measured environmental variables were investigated using Pearson's linear correlation. Linear correlation among environmental variables and between them and species diversity indices were also investigated.
Results
A total of 81 taxa of macrobenthic invertebrates were recorded, 52 were identified to species level. The distribution of taxa among the forty sites is reported in the Appendix. Mean number of taxa (S) per site (n = 2) ranged from 8.5 (±1.5 SE) to 32.5 (±0.5 SE). Species richness showed high significant differences both among sites and areas, while it did not differ significantly among habitats ( Fig. 2 and Table 1 ). Southern channel, where the anthropogenic disturbance sources are located, showed the lowers number of species (SNK: STA ( BAI = BAC = TBF). No significant differences were detected among habitats, areas or sites in species diversity (N1) ( Fig. 2 and Table 1 ). Evenness (N10) varied from 0.09 ± 0.01 to 0.66 ± 0.04 (±SE, n = 2), and significant differences were found among areas and site, but not between habitats ( Fig. 2 and Table 1 ).
Species distribution
The amphipod Corophium insidiosum was the most abundant taxon, followed by nematodes, Hydrobia cfr. ventrosa, Corophium acherusicum, unidentified tubificid oligochaetes, Microdeutopus gryllotalpa, Polydora ciliata, Gammarus aequicauda, unidentified Actiniaria, Capitella capitata, Chironomus salinarius, Abra segmentum, Streblospio shrubsolii, Idotea balthica, Malacoceros cfr. fuliginosus, Musculista senhousia and Amphipholis squamata. The distribution of the 36 most abundant taxa was analysed by ANOVA in order to test for differences among putative habitats, sites and areas (Table 1) . Most of the species showed significant differences among sites. Hediste diversicolor and Nebalia sp. were the only two taxa that did not show difference related to both site and area, while Cirrophorus furcatus is the only species showing significant differences among areas, but not among sites. Although the great variability observed at small spatial scales, Melita palmata, Mytilus galloprovincialis and Streblospio shrubsolii were significantly more abundant in the channels, the mud snail Hydrobia cfr. ventrosa and the polychaete Malacoceros cfr. fuliginosus were more abundant in the ponds.
Patterns of the macrobenthic assemblages
The first two axes of the PCO explained 21.13 and 19.76% of the variability of macrobenthic invertebrate assemblages, respectively (Fig. 3) . The scatter plot of sampling points showed some degree of separation between the assemblages inhabiting channels and ponds, as well as among some areas (Fig. 3) . These patterns were confirmed by the PERMANOVA test, showing significant differences among habitats, areas and sites (Table 2) . Altogether, the assemblages in the channels appeared more heterogeneous than those of the ponds. Moreover, assemblages found in the southern channel and pond (i.e. STA = 'Magni-Staggi' channel and MAG = 'Magni' pond), which are close to the sources of anthropogenic disturbance, were well separated on the left of the plot (Fig. 3) .
The correlation of PCO Axes with species abundance, superimposed on the PCO ordination (Fig. 4) , showed a high number of taxa related to the central and northern channels (right upwards rows), as well to the central and northern ponds (right downwards rows), while the abundance of only few species slightly increase towards southern 'Magni-Staggi' channel and 'Magni' pond (to the left in the plot). Species related to the southern channel and pond includes the polychaetes Streblospio shrubsolii, Capitella capitata, and Phyllodoce mucosa.
Patterns of environmental variables
Average values of the environmental variables for each area were reported in Table 3 . No significant differences were found in depth between areas within ponds or channels, while the average depth in channels (-1.75 ± 0.20 m ± S.E.) was significantly greater than in ponds (-0.38 ± 0.15 m ± S.E.; Table 4 ).
Sand contents in the sediments were extremely variable, varying from 12.1 to 89.5% in weight. These percentages are mainly related to the interaction between present sedimentation processes and the occurrence of relict sand dunes. Although hydrodynamic conditions are expected to differ between channels and ponds, no significant differences in sand contents were found between the considered areas or habitats (Table 4) .
Content of organic carbon in sediment ranged between 3.5 and 25.0%. Significant differences were observed among areas (Table 4) , due to the higher organic carbon content in 'Magni' pond compare to 'Risega' and 'Vena del Largo' ponds. On average, no significant differences in organic carbon contents between channels and ponds were found. Although sand percentage and organic carbon contents seem to have different patterns, a weak but significant negative correlation between them was found (R = -0.4293, P = 0.006; Table 5 ).
The apparent Redox Potential Discontinuity (RPD) varies from 0 to 85 mm of thickness. Significant differences were found between areas (Table 4) , in particular the aerobic layer was thinner in the 'Magni' pond compared to the other. High, but not significant, differences between channels and ponds were found (Table 4) and, on average, the aerobic layer was thinner in ponds than in channels. This result is consistent with the weak negative correlation between RPD and depth (R = -0.3517, P = 0.026; Table 5 ).
Salinity of pore water (Spw) varies from 24 to 40 psu, no significant differences among areas or habitats were found (Table 4) . A weak correlation between Spw and RPD was observed (R = 0.3662, P = 0. 020; Table 5 ). Mean species richness (number of species, S), species diversity (Hill's N1) and evenness (Hill's N10) per sample (?SE, n = 5) at each study area Table 1 Analyses of variance on total abundance (N), diversity indices (S, N1, N10) and abundance of 36 selected species, in relation to habitats (2 levels, fixed), areas (4 levels, nested in habitat) and sites (5 levels, nested in area and habitat) Source of variation Water surface temperature (Ts), measured during the specific survey, ranged from 25 to 34°C; significant differences between areas were fond (Table 4) . 'MagniStaggi' channel and the 'Magni' and 'Risega' ponds were warmer than other (SNK test: STA [ BAI = TBF = BAC and MAG [ RIS [ POL = VEN). Water surface temperature was affected by the input of cooling water from two thermal power plants located in the southern side of the lagoon. A weak correlation between organic contents (LOI) and surface temperature was also observed (R = 0.4310, P = 0.005; Table 5 ), but this relationship could be simply explanted by spatial association of the power plants and sewage treatment plants inputs.
Total mercury found in the superficial sediments ranges between 0.10 and 40.57 lg g -1 , and significant differences between areas were found (Table 4) . 'Magni-Staggi' channel and the 'Magni' and 'Risega' ponds resulted more polluted than other. Hg concentration in the sediments appeared significantly correlated with organic contents (LOI), apparent Redox Potential Discontinuity (RPD), salinity of pore water (Spw) and water surface temperature (Ts) ( Table 5 ). The distance of the sampling sites from the outlet into the sea (Dc), ranges from 400 to 4880 m; no significant differences between areas, channels and ponds were found (Table 4) . Only depth and sand percentage show a significant correlation with distance from the outlet (R = 0.4410, P = 0.004 and R = 0.3236, P = 0.042, respectively; Table 5 ). As expected, depth tends to increase seaward, while relict sand dunes are mainly located landward. The distance of the sampling sites from the main inputs of nutrients and pollutants (Ds), located in the south-western side of the lagoon, varies from 500 to 8380 m. Sampling areas significantly differ in mean Ds values (Table 4 ; SNK: STA \ BAI = BAC = TBF and MAG \ RIS = POL = VEN), since 'Magni-Staggi' channel and 'Magni' pond were closer to the inputs of the civil and industrial sewage treatment plants than the other channels and ponds. Depth, grain size, organic contents, surface temperature and mercury concentration were significantly correlated with the distance from the main inputs of pollutants (Table 5) .
Mean water flow speed (Fm), estimated by hydrodynamic model only for the channels, varies from 0.026 to 0.273 m s -1 . On average, no significant differences were found between channels (Table 4) . Fm values were not significantly correlated with the distance from the sea, while they are slightly correlated with depth and surface temperature (R = 0.4736, P = 0.035 and R = -0.4485, P = 0.047, respectively; Table 5 ).
Correlations between specie distribution, assemblage's similarity patterns and environmental variables Some opportunistic species, like the polychaetes Streblospio shrubsolii and Capitella capitata, were more abundant in the southern polluted areas. In particular, the abundance of S. shrubsolii significantly increased along LOI and Ts gradients (r = 0.3608, P = 0.022 and r = 0.4129, P \ 0.008, respectively), while C. capitata were more abundant in the warmed sites and close to sewages (r = 0.3973, P = 0.011 and r = -0.3340, P \ 0.035, respectively). Conversely, the abundance of the amphipod Corophium insidiosum, which is considered a species sensitive to pollution and thermal stress (Prato et al. 2008) , was negatively correlated with LOI (r = -0.3351, P = 0.035). Correlation analyses between species diversity indices and environmental variables revealed that species richness was inversely correlated with water surface temperatures (Ts) and sediment organic content (LOI) (r = -0.5531, P \ 0.001 and r = -0.3861, P = 0.014, respectively).
The structures of macrobenthic assemblages showed significant differences between the two considered habitats; therefore, possible relationships between assemblage structure and environmental variables were investigated separately for channels and ponds. The relationship between environmental variables and patterns of similarities of the assemblages in channels was graphically represented in Fig. 5a . Assemblages found in the 'Magni-Staggi' channel were well separated from the others and were associated to high temperatures of the water surface, high total mercury concentration in the sediment and short distances from the main sewage treatment plants inputs. Multivariate multiple regression showed a significant relationship between Ts, Ds, Hg and Dc, considered alone, and similarity of the assemblages. Using the forward selection procedure, Ts explained the greatest proportion (19.9%) of the variability of the assemblages, followed by Dc (11.7%), Spw (8.5%) and depth (7.1%). After this selection, the information from Hg and Ds, which are strongly correlated with Ts (Table 5) , did not add any further significant proportion of explained variation.
The correlation of environmental variables with the patterns of similarities of assemblages found in the ponds was graphically represented in Fig. 5b . Multivariate multiple regression showed a significant relationship of depth, LOI, Ts, Ds, considered alone, with the assemblage structure. Using the forward selection procedure, depth explained the greatest proportion (16.5%) of the variability of the assemblages; the other environmental variables did not add any significant proportion of explained variation.
Discussion
Benthic macroinvertebrate inhabiting soft bottoms are considered good indicators of environmental health because they are relatively sedentary, and therefore they Table 3 Average environmental variables at each study area ± SE, n = 5
Cbac -1.79 ± 0.31 61.3 ± 6.1 9.3 ± 1.7 25.0 ± 6.9 31.0 ± 0.6 25.8 ± 0.3 0.93 ± 0.4 2,148 ± 479 5,648 ± 479 0.186 ± 0.03 Cbai -1.36 ± 0.11 40.8 ± 7.5 12.6 ± 0.4 34.0 ± 8.1 34.4 ± 0.6 26.5 ± 0.2 1.07 ± 0.4 898 ± 155 4,398 ± 155 0.161 ± 0.02 Csta -2.42 ± 0.53 50.5 ± 10.9 12.6 ± 3.2 30.5 ± 4.2 33.8 ± 2.1 32.0 ± 0.6 6.44 ± 4.8 1,506 ± 467 1,988 ± 465 0.078 ± 0.02 Ctbf -1.41 ± 0.48 59.2 ± 9.4 8.7 ± 1.3 28.5 ± 14.5 32.4 ± 0.2 26.0 ± 0.3 0.72 ± 0.3 2,516 ± 805 6,016 ± 805 0.128 ± 0.03
Pmag -1.12 ± 0.42 50.7 ± 6.8 16.0 ± 1.7 1.0 ± 1.0 29.8 ± 0.6 31.9 ± 0.3 22.79 ± 6.7 1,802 ± 137 1,964 ± 118 Ppol -0.23 ± 0.22 64.7 ± 5.8 10.5 ± 1.6 10.5 ± 3.2 31.6 ± 0.9 26.1 ± 0.1 1.76 ± 0.5 2,976 ± 211 6,476 ± 211 Pris -0.11 ± 0.09 53.4 ± 13.0 7.4 ± 1.4 18.0 ± 6.2 29.6 ± 1.5 27.6 ± 0.6 4.32 ± 3.1 1,668 ± 79 5,168 ± 79 Pven -0.06 ± 0.08 67.0 ± 7.8 10.5 ± 2.1 10.0 ± 2.6 33.4 ± 0.7 25.8 ± 0.2 1.14 ± 0.6 3,636 ± 264 7,136 ± 264 LOI organic carbon as loss of weight on ignition, RPD apparent redox potential discontinuity, Spw pore water salinity, Ts water surface temperature, Hg total mercury, Dc distance from the confluence point, Ds distance from the main sewage input, Fm mean water flow speed Depths were referred to the mean lower low water (MLLW), mean water flow speed were obtained for the sites within the channels by a modelling simulation Helgol Mar Res (2011) 65:25-42 33 cannot avoid deteriorating water and sediments quality conditions and respond to local environmental impacts; moreover, most species have relatively long lifespans, then they over time integrate disturbance events even in habitats showing seasonal and daily large variability, like temperate coastal lagoons and estuaries (Bilyard 1987; Dauer 1993; Salas et al. 2006 ). Even if this study was based on only one sampling date, in June, and did not take into account natural and human-induced seasonal variability, the distribution pattern of the macrobenthic invertebrate assemblages should be considered as the results of both current environmental status and previous disturbance events. Pialassa Baiona, as well as most of the temperate coastal lagoons, is a complex and heterogeneous environment, where physical and biological variable change at different spatial scale. Most of the environmental variables measured in the Pialassa Baiona lagoon significantly differed among areas within the lagoon. The analyses of the benthic assemblage showed a high heterogeneity throughout the whole lagoon at small spatial scale (i.e. between sites, Table 4 Analyses of variance on environmental variables in relation to habitats (2 levels, fixed), areas (4 levels, nested in habitat) LOI organic carbon as loss of weight on ignition, RPD apparent redox potential discontinuity, Spw pore water, Ts water surface temperature, Hg total mercury, Dc distance from the confluence point, Ds distance from the main sewage input, Fm mean water flow speed When variances were slightly heterogeneous (Cochran's C test: 0.01 \ P \ 0.05) even after transformation, the significant level was reduced to P \ 0.01 a Cochran's C test: P \ 0.05 LOI organic carbon as loss of weight on ignition; RPD apparent redox potential discontinuity, Spw pore water, Ts water surface temperature, Hg total mercury, Dc distance from the confluence point, Ds distance from the main sewage input, Fm mean water flow speed * P \ 0.05; ** P \ 0.01 a Available only for sampling site located in the channels hundreds of metres apart, within areas). The distribution of single species, species richness and evenness also showed the higher heterogeneity at small spatial scale. Altogether channels and ponds physically differed only by the depth. The distribution of only five species significantly differed in relation to these two putative habitats. Furthermore, no differences in terms of species diversity indices were found between channels and ponds. Even the multivariate analysis of the overall benthic assemblages confirmed the high heterogeneity at small spatial scale, but it has also highlighted the presence of some minor differences between channels and ponds. Assemblages appeared more heterogeneous in channels compare to ponds. In ponds, depth appeared the leading factor determining the benthic community structure, while species distributions along the channels was strongly correlated with the anthropogenic disturbance, represented by water surface temperature affected by thermal power stations, and the land-seaward gradient, in terms of distance from the outlet into the sea. Altogether pollution and land-seaward gradients appeared more important compared to the habitat type (i.e. ponds VS channels) in controlling the multivariate distribution pattern of macrobenthos. Anthropogenic disturbance gradients overlap natural gradient, here as well as in most of the transitional waters, and this could represent a confounding factor. However, the multivariate analysis and multiple regression approaches improve the discrimination capability between natural and anthropogenic stress (Gamito 2008) . Major sources of anthropogenic disturbance in this coastal lagoon are the inputs of wastewater from urban and industrial sewage treatment plants and cooling waters from power plants, all located in the southern side of the lagoon. These water inputs provide nutrient enrichment, which lead to eutrophic condition (Ponti et al. 2005) , as well as thermal and chemical pollution, which mainly affect southern ponds and channels (Trombini et al. 2003) . The set of environmental variables analysed provides an overall picture of the different physical and chemical factors that could affect and threaten the Pialassa Baiona lagoon. Water surface temperature follows the dispersal of the thermal plume due to the two thermal power plants located on the southern side. Contents of organic carbon and RPD, although influenced by grain size distribution, could reflect the algal biomass accumulation related to eutrophication and dystrophic events. Intensity of the dystrophic crises, which often occur in the summer, as well as their effects on the benthic macroinvertebrates are higher in the southern areas of the lagoon (Ponti and Abbiati 2004) . Southern areas (Magni-Staggi channel, Magni and Risega ponds) resulted more affected by thermal and chemical pollution and eutrophication, while northern areas showed reduced water flow. Water flow and the distance from the channels confluence could influence the water renewal, oxygenation, larval supply as well as the transport, resuspension and deposition of the pollutants. In the Pialassa Baiona lagoon, mercury was considered a good tracer for the past chemical pollution of sediments in the lagoon (Trombini et al. 2003) . The average concentration of total mercury in channel and ponds exceeded the Effects Range Median (ERM) benchmark, over which negative effects to biota might be frequently expected (ERM for Hg = 0.71 lg g -1 , dry weight; Long et al. 1995) .
In summary, although this coastal lagoon appeared as a complex system subdivided in several ponds and channels by discontinuous artificial embankments, environmental variables and macrobenthic invertebrate assemblages showed high heterogeneity at spatial scale smaller than a priori supposed homogeneous areas. Even the distinction between two putative habitats, channels and ponds, is weakly supported by the distribution patterns of macrobenthic invertebrate assemblages. Major forcing factors structuring the assemblages appeared the anthropogenic disturbance and land-seaward gradients.
Land-seaward gradient and the associated salinity gradient and confinement degree are widely recognised as the leading natural factors in structuring the macrobenthic invertebrate assemblages in coastal lagoons and estuaries (Guélorget and Perthuisot 1992; Sacchi and OcchipintiAmbrogi 1992; Barnes 1994; Attrill 2002; Attrill and Rundle 2002; Gray et al. 2002; Sconfietti et al. 2003; Rossi et al. 2006; Gamito 2008) . Nevertheless, models based on salinity as the main variable affecting patterns of distribution and abundance of benthic organisms at the scale of hundreds of meters within coastal lagoons, like the 'paralic domain' (Guélorget and Perthuisot 1992) , were demonstrated to be over-simplistic (De Biasi et al. 2003) . In some Italian lagoons, it has also been recognised that the increasing levels of anthropogenic disturbance can led to the homogenisation of the lagoons and the reduction in the land-seaward gradient effects on benthic assemblages (Benedetti-Cecchi et al. 2001; Lardicci et al. 2001; Sconfietti et al. 2003) . For instance, the inner parts of the Venice and Comacchio lagoons had lost their distinctiveness, and their invertebrate assemblages appeared impoverished and more similar to those typical of harbours (Mistri et al. 2000 (Mistri et al. , 2001 Sconfietti et al. 2003) . In Comacchio lagoon, the largest non-tidal lagoonal complex (about 100 km 2 ) of the Po River deltaic area, located just 10 km northern to Pialassa Baiona lagoon, intensely exploited for extensive aquaculture over the last 50 years, only 37 soft bottom macrobenthic taxa were identified in nine sampling stations quarterly investigated for 1 year (Mistri et al. 2000) . In the Pialassa Baiona, despite the high level of anthropogenic disturbance, relatively high species diversity and a clear land-seaward gradient in the composition of macrobenthic invertebrate assemblages are still well recognisable, at least along the inner channels. Even if comparison between different studies could be affected by different sampling methods and effort (e.g. sampling surface, number of replicate), the total number of soft bottom specie recorded in Pialassa Baiona (81 taxa) is greater than that of the most of the Italian transitional waters, only Venice lagoon overcome Pialassa Baiona among the northern Adriatic coastal lagoons (Munari and Mistri 2008) . Pollution mainly affects the distribution of sensitive species as well as the species richness, which could alter ecological functioning. Anthropogenic disturbance tend to reduce the natural variability of the benthic assemblages by increasing small spatial scale heterogeneity and strengthening in some way the land-seaward gradients.
In the transitional water ecosystems, understanding spatial heterogeneity of macrobenthic invertebrate assemblages, as well as their distribution patterns in response to natural and anthropogenic disturbance gradients, is of paramount importance, because this knowledge forms the basis for any management and monitoring program as well as for the environmental quality or impact assessment projects. Table 6 Taxa found at each sampling site 
